Masses of tetraquarks with two heavy quarks and open charm and bottom are calculated in the framework of the diquark-antidiquark picture in the relativistic quark model. All model parameters were regarded as fixed by previous considerations of various properties of mesons and baryons. The light quarks and diquarks are treated completely relativistically. The c quark is assumed to be heavy enough to make the diquark configurations dominating. The diquarks are considered not to be pointlike but to have an internal structure which is taken into account by the calculated diquark form factor entering the diquark-gluon interaction. It is found that all the (cc)(qq ′ ) tetraquarks have masses above the thresholds for decays into open charm mesons. Only the I(J P ) = 0(1 + ) state of (bb)(ūd) lies below the BB * threshold and is predicted to be narrow.
The simplest multiquark system is a tetraquark, composed of two quarks and two antiquarks. Heavy tetraquarks are of particular interest, since the presence of a heavy quark increases the binding energy of the bound system and, as a result, the possibility that such tetraquarks will have masses below the thresholds for decays to mesons with open heavy flavour. If such strong decays are kinematically forbidden, then corresponding tetraquarks can decay only weakly or electromagnetically and thus they should have a small decay width. In this paper we consider tetraquarks with two heavy quarks as bound systems of a diquark and antidiquark. Therefore we assume that both b and c quarks are heavy enough to make the attractive QQ interaction stronger than the Qq one. For tetraquarks containing c quarks the obtained results crucially depend on this assumption. In particular, the doubly heavy (QQ ′ )(qq ′ ) tetraquark (Q = b, c and q = u, d, s) is considered as the bound system of the heavy diquark (QQ ′ ) and light antidiquark (qq ′ ), while the (cq)(bq ′ ) tetraquark is the bound state of the heavy-light diquark (cq) and antidiquark (bq ′ ). Masses of heavy tetraquarks with hidden charm (cq)(cq) and bottom (bq)(bq) were calculated in our previous paper [5] . There the dynamical analysis has shown that X(3872) and Y (4260) can be indeed the diquark-antidiquark tetraquarks with hidden charm. It was also argued that the corresponding ground-state tetraquarks with hidden bottom have masses below the open bottom threshold, and thus they should be narrow states.
It is important to investigate the possible stability of the (QQ ′ )(qq ′ ) tetraquarks since they are explicitly exotic states with the heavy flavour number equal to 2. Thus, their observation would be a direct proof of the existence of the multiquark states. Estimates of the production rates of such tetraquarks indicate that they could be produced and detected at present (SELEX, Tevatron, RHIC) and future facilities (LHC, LHCb, ALICE) [6] .
To calculate the masses of heavy tetraquarks we use the relativistic quark model based on the quasipotential approach in quantum field theory. Previously we considered in our model the mass spectra of the ground-state and excited doubly-heavy (QQq) [7] and heavy (qqQ) [8, 9] baryons in the heavy-diquark-light-quark and light-diquark-heavy-quark approximations, respectively. The light quarks and light diquarks were treated completely relativistically. The internal structure of the light and heavy diquarks was taken into account by calculating diquark-gluon form factors in terms of the obtained diquark wave functions. Such scheme proved to be very effective and successful in our calculation of the masses of heavy baryons in good agreement with experimental data [10] . The predicted masses of the Ω b and Ξ b baryons proved to be very close to the recently measured ones [11, 12, 13] . Moreover, in Ref. [9] it was shown that currently available experimental data on excited charmed baryons can be accommodated in the picture treating a heavy baryon as the bound system of the light diquark and heavy quark, experiencing orbital and radial excitations. This gives us additional confidence in the reliability of the diquark approximation within our model and motivates the consideration of tetraquarks as diquark-antidiquark bound systems. It is important to note that all parameters of our model were fixed in the previous calculations of meson mass spectra and decays, and we will keep their values in the following analysis of heavy tetraquarks.
II. RELATIVISTIC QUARK MODEL
In the quasipotential approach and diquark-antidiquark picture of heavy tetraquarks the interaction of two quarks in a diquark and the diquark-antidiquark interaction in a tetraquark are described by the diquark wave function (Ψ d ) of the bound quark-quark state The kernel V (p, q; M) in Eq. (1) is the quasipotential operator of the quark-quark or diquark-antidiquark interaction. It is constructed with the help of the off-mass-shell scattering amplitude, projected onto the positive-energy states. In the following analysis we closely follow the similar construction of the quark-antiquark interaction in mesons which were extensively studied in our relativistic quark model [14, 15] . For the quark-quark interaction in a diquark we use the relation V= V/2 arising under the assumption of an octet structure of the interaction from the difference in theandcolour states.
1 An important role in this construction is played by the Lorentz structure of the confining interaction. In our analysis of mesons, while constructing the quasipotential of the quark-antiquark interaction, we assumed that the effective interaction is the sum of the usual one-gluon exchange term and a mixture of long-range vector and scalar linear confining potentials, where the vector confining potential contains the Pauli terms. We use the same conventions for the construction of the quark-quark and diquark-antidiquark interactions in the tetraquark. The quasipotential is then defined as follows [7, 15] .
(a) For the quark-quark (qq
. Here, α s is the QCD coupling constant; D µν is the gluon propagator in the Coulomb gauge,
and k = p − q; γ µ and u(p) are the Dirac matrices and spinors,
with ǫ(p) = √ p 2 + m 2 . The effective long-range vector vertex of the quark is defined [15] by
where κ is the Pauli interaction constant characterizing the anomalous chromomagnetic moment of quarks. In configuration space the vector and scalar confining potentials in the nonrelativistic limit reduce to
with
where ε is the mixing coefficient.
where d(P )|J µ |d(Q) is the vertex of the diquark-gluon interaction which takes into account the finite size of the diquark and is discussed below
The diquark state in the confining part of the diquark-antidiquark quasipotential (11) is described by the wave functions
where the four-vector
is the polarization vector of the axial-vector diquark with momentum p,
is the polarization vector in the diquark rest frame. The effective longrange vector vertex of the diquark can be presented in the form
for a scalar diquark, 
and the axial-vector diquark spin S d is given by ( [14] and the heavy-quark expansion [16] . The universal Pauli interaction constant κ = −1 has been fixed from the analysis of the fine splitting of heavy quarkonia 3 P J -states [14] . In this case, the long-range chromomagnetic interaction of quarks vanishes in accordance with the flux-tube model.
III. LIGHT, HEAVY-LIGHT AND HEAVY DIQUARKS
As the first step, we calculate the masses and form factors of the diquarks. As is well known, the light quarks are highly relativistic, which makes the v/c expansion inapplicable and thus a completely relativistic treatment is required. To achieve this goal in describing light and heavy-light diquarks, we closely follow our recent consideration of the spectra of light mesons and adopt the same procedure to make the relativistic quark potential local by replacing ǫ 1,2 (p) ≡ m 2 1,2 + p 2 by E 1,2 (see the discussion in Ref. [17] ). The resulting quark-quark interaction potential is equal to 1/2 of theinteraction in the meson. We solve numerically the quasipotential equation with this complete relativistic potential which depends on the diquark mass in a complicated, highly nonlinear way. The obtained groundstate masses of scalar and axial-vector light and heavy diquarks [5, 7, 8] are presented in Tables I and II. In order to determine the diquark interaction with the gluon field, which takes into account the diquark structure, it is necessary to calculate the corresponding matrix element of the quark current between diquark states. This (diagonal) matrix element can be parameterized by the following set of elastic form factors:
(a) scalar diquark (S) 
where k = P − Q, and ε d (P ) is the polarization vector of the axial-vector diquark (13) . Using the quasipotential approach with the impulse approximation for the vertex function of the quark-gluon interaction, we find [8] 
where Ψ d are the diquark wave functions. We calculated the corresponding form factors F (r)/r, which are the Fourier transforms of F (k 2 )/k 2 , using the diquark wave functions found by numerically solving the quasipotential equation. Our estimates show that this form factor can be approximated with high accuracy by the expression
which agrees with previously used approximations [7] . The values of the parameters ξ and ζ for light, heavy-light and heavy scalar diquark [q, q ′ ] and axial-vector diquark {q, q ′ } ground states are given in Tables I and II. 
IV. MASSES OF HEAVY TETRAQUARKS
As the second step, we calculate the masses of heavy tetraquarks considered as bound states of diquark and antidiquark. For the potential of the diquark-antidiquark interaction (11) we get
whereV
r is the Coulomb-like one-gluon exchange potential which takes into account the finite sizes of the diquark and antidiquark through corresponding form factors F 1,2 (r). Here, S 1,2 and L are the spin operators of diquark and antidiquark and the operator of the relative orbital angular momentum. Since we limit our considerations to the ground states of heavy diquarkantidiquark bound systems ( L 2 = 0), the spin-orbit and tensor terms in the potential (20) do not contribute in the further analysis. In the following we choose the total chromomagnetic moment of the axial-vector diquark µ d = 0. Such a choice appears to be natural, since 
System
State system is significantly larger than in the corresponding heavy diquark (QQ)-light antidiquark (qq) one. This fact is well known from the meson spectroscopy, where heavy quarkonia QQ are more tightly bound than heavy-light mesons Qq. For instance, we found that some of the (cu)(cū) tetraquarks lie below open charm thresholds while all ground-state (cc)(ūd) tetraquarks are found to be above such thresholds.
In Table V we confront our results for masses of heavy (QQ ′ )(qq ′ ) tetraquarks with other theoretical predictions [21, 22, 23, 24, 25, 26, 27] . In Ref. [21] the authors solve the four-body problem using the expansion in the harmonic-oscillator basis in the framework of the nonrelativistic quark model with a phenomenological potential. The same model with a different expansion basis, which can accommodate asymptotic states of two free mesons, is applied for the calculation of heavy-tetraquark properties in Ref. [22] . The stability of tetraquarks with heavy flavours is studied by using a variational approach and a nonrelativistic potential model in Ref. [23] . In Refs. [24, 25] tetraquarks are analyzed in the chiral constituent quark model using a variational approach. The potential of this model includes one-gluon, confinement and meson-exchange interactions. The existence of a virtual tetraquark state ccūd is discussed in Ref. [26] on the basis of semi-empirical mass relations. QCD sum rules are applied for the QQūd tetraquarks in Ref. [27] . The main difference between our approach and the above quoted papers consists in that, from the very beginning, we explicitly reduce the relativistic four-body problem to the subsequent solution of two relativistic two-body problems assuming the diquark-antidiquark structure of the (QQ ′ )(qq ′ ) tetraquarks. From Table V we see that most of the presented approaches predict that only the 1 + state of the (bb)(ūd) tetraquark lies below the open-bottom threshold (see also [28] ). In Ref. [22] it is claimed that also the 1 + state of the (cc)(ūd) tetraquark is weakly bound against the DD * threshold, if it has a molecular structure. Note that such structures are absent in our approach. A large binding energy in the 1 + state of the (cc)(ūd) tetraquark is found only in Ref. [24] and it is claimed to originate from the meson-exchange part of the quark interaction potential. The recent QCD sum rule analysis [27] finds that only the (bb)(ūd) tetraquark is expected to be a narrow state.
V. CONCLUSIONS
In this paper we have calculated the masses of the ground states of tetraquarks with two heavy quarks assuming the diquark-antidiquark structure. Such approximation allowed us to reduce the very complicated relativistic four-body problem to the solution of twosignificantly more simple -relativistic two-body problems. All considerations were done in the framework of the relativistic quark model which proved to be successful in describing numerous properties of mesons and baryons [5, 7, 8, 9, 14, 15, 16, 17] . The parameters of the model were fixed previously from the meson sector and are kept unchanged in the present analysis. The diquarks were treated dynamically. Their masses and form factors, which take into account the diquark structure, were calculated on the basis of a numerical solution of the corresponding relativistic quasipotential equation. Note that they are the same as in our previous studies of light and heavy diquarks in heavy [8] and doubly-heavy baryons [7] , respectively. Light quarks and diquarks were treated completely relativistically without applying the v/c expansion. It was found that both the relativistic dynamics of light diquarks as well as their internal structure play an important role in the description of diquarkantidiquark bound states. The binding of a heavy diquark and a light antidiquark turned out to be weaker than the binding of a corresponding heavy-light diquark and heavy-light antidiquark. Thus, in contrast to the (cq)(cq) tetraquarks, which were discussed previously [5] , all the (cc)(qq ′ ) tetraquarks are predicted to be above the decay threshold into the open charm mesons. Only the I(J P ) = 0(1 + ) state of (bb)(ūd) was found to lie below the BB * threshold. As a result, this state can decay only weakly and thus it should be narrow. The strange partner of this state (bb)(ūs) is predicted to lie slightly (13 MeV) above the B * B s threshold and, in principle, could be observed as a not too broad resonance decaying mainly into B * B s . The investigation of the decay widths of heavy tetraquarks which are predicted to lie below the threshold of the open flavours represents another very important and interesting problem. It could be considered by means of the relativistic generalization of the analysis performed in Ref. [29] . However, this problem is beyond the scope of the present paper and will be considered elsewhere.
